Introduction: In Great Britain, roughly half of people with at least one long-standing illness (LSI) live in low-income households. Lower-income households are at risk of fuel poverty and living in a colder house, which can worsen certain health conditions, causing related morbidity and mortality. This pilot study aimed to assess whether raising occupants' awareness of indoor temperatures in the home could initiate improved health and well-being among such vulnerable residents. Methods: Thermometers were placed inside a manufactured bamboo brooch to be worn or placed within homes during the winter of 2016/17. These devices were supplied to households (n = 34) already assisted by Community Energy Plus, which is a private social enterprise in Cornwall, United Kingdom (UK), using initiatives aimed at maintaining "healthy homes". Questionnaires were supplied to households before devices were supplied, and then again at the end of a three-month period, with further questions asked when devices were collected. Temperatures were recorded automatically every half-hour and used to draw inference from questionnaire responses, particularly around health and well-being. Results: Questionnaires were completed by 22 households. Throughout the winter, those declaring the poorest health when supplied with devices maintained homes at a higher average temperature. There were also indications that those with raised awareness of interior temperatures sought fewer casual medicines. Conclusion: Simple telemetry could play a role in the management of chronic health conditions in winter, helping healthcare systems become more sustainable. The need for higher indoor temperatures among people with an LSI highlights the need to consider this approach alongside more sustainable household energy-efficiency improvements. A larger study is needed to explore this further and quantify the cost benefit of this approach.
Introduction
Approximately 36% of people in Great Britain have at least one long-standing illness or disability (LSI), of whom just over half state their condition limits day-to-day activities [1] . Among people with an income of less than £10,000 GBP per year ($13,000 USD, the lowest income group reported), 45% report an LSI, with two-thirds of these reporting their day-to-day activities as limiting [1] . These lower-income populations are also more likely to live in poor housing conditions and suffer from the effects of fuel poverty (i.e., those unable to adequately heat the home due to the cost of fuel and/or energy efficiency of the home [2] ), which increases the risk of cold-related morbidity and mortality [3] [4] [5] [6] . While home energy efficiency interventions can deliver positive health outcomes (i.e., by making homes more affordable to heat) [7] , some have been found to exacerbate some conditions such as increasing the risk of asthma [8] . This can result from reduced indoor air quality and resident awareness of the and assess how this could affect the use of pharmacists and NHS services. This approach has been taken to test the feasibility of using data loggers to inform future fuel poverty interventions.
Materials and Methods
This cross-sectional descriptive pilot study was implemented by Community Energy Plus (CEP). Due to the nature of this pilot, the study was conducted as a service improvement to inform CEP's fuel poverty support and services (i.e., following a quality improvement framework [27] ). For this reason, all the participants provided formal written consent on behalf of the household, which included responses to the questionnaires and the recording of indoor temperatures. The consenting process was undertaken by trained CEP staff who were accompanied by a family member where appropriate, which in this case included one participant who had mild dementia. The pilot study was conducted with households across Cornwall, which has the high levels of fuel poverty. This is exacerbated by lower average earnings and a high proportion of households (42%) who remain disconnected to the mains gas supplies, which provide a cheaper form of fuel. Consequently, these homes are forced to rely on more expensive forms of energy [28] . Therefore, those living in more rural areas are more vulnerable to the impacts of energy price increases, particularly those living in the private rental sector [29, 30] and suffering from one or more LSI.
To assess the potential for individual temperature monitors, a total of 34 households who were in contact with Community Energy Plus (CEP) and had one or more LSIs were asked to participate in this pilot study. CEP provides a range of support services to alleviate the pressures of fuel poverty across Cornwall. These include a telephone-based helpline and enabling minor home improvements such as insulation and heating-system improvements aimed at maintaining a healthy, dry home through helping residents acquire necessary funding. This social enterprise has been working with vulnerable people in Cornwall to assist them in achieving and maintaining adequate levels of thermal comfort in their homes. Households that struggle with the costs of keeping their home warm (e.g., due to the cost of fuel and energy efficiency of a property) are described as "fuel poor". There are a number of challenges associated with identifying and quantifying the extent of fuel poverty. Different approaches used to define fuel poverty have been widely contested in the UK. Notably, as a result of the Hills Review, the Government changed the definition use for fuel poverty in England. This changed from the inclusion of households who spend 10% of their disposable income on energy, to the Low Income High Cost (LIHC) criteria [31] [32] [33] [34] . It is important to note that this is not a term that these householders would use to describe themselves.
To assess whether wearable telemetry (i.e., a thermometer with a low-temperature alarm) has the potential to raise awareness of the effects of cold homes among those living in fuel poverty, 34 wearable or freestanding temperature loggers were distributed to 34 homes during three months of the winter of 2016/17. The loggers were equipped with sensors that triggered a flashing light-emitting diode (LED) if the temperature in the immediate vicinity fell below 18 • C or rose above 26 • C. This provided participants and their families with an alert for changes in temperature that could exacerbate their LSI. Temperatures were recorded every 15 minutes with the number of readings below 18 • C and 15 • C noted. The loggers fed recorded temperatures into comma-separated value (CSV) tabulations in which the logger's serial number was recorded alongside the date and time of measurement. Then, the CSV files were imported into Microsoft Excel where temperature data was analysed using in-built functionality.
One of CEP's qualified energy advisors visited households and delivered the temperature loggers. The advisors assessed participants' individual situation and needs, and provided basic guidance on what actions they could take in the event of receiving a low or high temperature alert. This generally involved simple behavioural change such as using the alert as a reminder to switch central heating systems on, turning up the system thermostat, closing windows, making a hot drink, wearing more clothing layers, or simply trying to be more active. The home visits also provided in-depth energy efficiency assessments and, where appropriate, referrals for measures including draught excluders, insulation, or equipment to reduce condensation and dampness.
Questionnaires were designed using a closed questioning technique. They were designed to collect data on participants' households. Structured baseline and follow-up questionnaires were conducted with an adult aged over 18 years within each household to assess the effectiveness of the intervention. These aimed to determine any change in participants' health and well-being. Answers to these questions comprised fixed categories, allowing them to be set in context against the ambient temperatures to which respondents were exposed. Questions included, for example:
How would participants rate their health at the project baseline compared with the previous year? 2.
Is there is a permanent household member with an LSI that is known to be worsened by the cold? 3.
Have there been any changes to health and well-being in the previous three months? 4 .
Which health problems had they experienced in the previous three months? 5 .
Which health care services have been used in the last three months for the LSI? 6.
Since engaging with CEP for energy efficiency advice, have there been any changes to health and well-being? 7.
What services have been sought in the last three months for any respiratory, cardiovascular, circulatory, or mental health conditions or for cold/flu? 8.
Has health and quality of life improved as a result of the CEP intervention? 9.
If so, how much has the CEP intervention helped?
At the end of the winter, a second interview was conducted to establish whether the loggers helped with the management of LSIs through the winter by raising the awareness of ambient temperature to which participants were exposed. The following questions were asked:
1.
Were participants more aware of the temperature in the house? 2.
Did they feel less vulnerable, anxious, or stressed this winter compared to last? 3.
Did they feel as cold this winter? 4.
Had they been feeling poorly this winter, and if so, how did it compare to last winter? 5.
Had they visited the local chemist to speak to the pharmacist or buy casual medicines to relieve them of certain conditions? 6.
Compared to last year, had participants used healthcare services less frequently? 7.
Did they feel the temperature loggers had helped?
Temperature data captured by each of the loggers were analysed and grouped according to answers provided by participants to each of these questions. Then, basic differential analysis was performed on questionnaire answers as part of an intervention to raise awareness.
Small sample sizes within this pilot study prevented us from using formal statistical analysis. However, we present a basic analysis with some questionnaire answers grouped according to response alongside measures of temperature, which are presented for contextual presentation. Bias within the questionnaire responses was analysed through use of the chi-squared test with the null hypothesis being a uniform distribution of responses throughout the categories or the difference between positive and negative responses. Between-category variation from uniformity is presented by an overall p-value per question.
Results
Out of 34 households willing to be supplied with thermometers, 22 households participated in this study through completing questionnaires (representing a response rate of 65%). The majority of participants completing the questionnaire (73%) were aged over 65 years of age, seven of whom described themselves as elderly and living alone. Half of respondents were suffering from respiratory illness, and approximately 30% were living without adequate heating or ventilation. Seven participants reported a cardiovascular condition, while mental illness was cited by three respondents, and a single case of dementia was also noted.
Throughout the trial, the thermometers recorded temperatures that fell between 9-41 • C with a mean of 19.3 • C. The temperature throughout each day reached an average low point of 16.6 • C between 04:00-05:00, whilst the highest temperatures each day were reached between 18:00-19:00 (21.6 • C). The average temperature recorded was higher within each group with a given LSI than without that condition. A small difference in average temperature was recorded for those with respiratory illnesses: the average temperature recorded during winter 2016/17 was 0.7 • C higher than those without such an illness.
Three respondents described their health as good, with 13 describing their health as poor. In the year previous to the intervention, all but five participants had noticed deterioration in their health, with half of all participants stating that their health had become much worse. The average temperature recorded by participants increased as stated health worsened, with a differential of 1.6 • C between homes containing participants describing their health as "good" versus those with "poor" health. A similar rise in average temperature recorded (1.5 • C) occurred between groups of participants stating their health was "the same" as 12 months previously versus those describing their health as "much worse".
At least half of participants had noticed a deterioration in their well-being in the previous three months prior to the intervention for each dimension listed in Table 1 (all p < 0.05). The most marked deterioration was expressed in terms of participants feeling anxious (p = 0.001), relaxed, having emotional well-being (both p = 0.002), and feeling comfortable (p = 0.003). Over the same period, the most common issues among participants were cardiovascular and circulatory, with four participants noting severe circulatory problems ( Table 2 ). The number of patients not experiencing symptoms of cold/flu or learning disabilities was statistically significantly lower (both p < 0.01) than those experiencing symptoms.
Discounting the respondent with "better" health, the average maintained temperature increased with deterioration in health and well-being (Table 1) , with the largest temperature differentials between those experiencing severe illnesses against those without that illness for each LSI (Table 2) . Those with severe mental illness recorded average temperatures that were 2.9 • C higher than those without a mental illness, whilst the same differential for those with circulatory problems was 1.6 • C. The dependency of the cohort on local healthcare services during the three months prior to deployment of thermometers was higher in those who maintained their homes at higher temperatures. Participants averaged one monthly GP visit and almost two hospital visits over the period (a total 30 hospital outpatient appointments and eight Accident and Emergency Department (A & E) attendances).
The average temperature was 0.9 • C higher in the homes of participants visiting the GP on at least four occasions during the previous three months versus those who did not. Among those requiring a hospital appointment, homes were maintained at least 1 • C higher on average compared with those who did not need such appointments.
Since receiving assistance from CEP, participants were split by whether they felt better or worse in terms of physical health, comfort, anxiety, feeling relaxed, quality of life, and emotional well-being (all p > 0.05, Table 3 ). In general, the most common category describing the impact on participants' stated health and well-being is that of no change. There seems to be very little temperature differential between those expressing their health and well-being as previously improving as opposed to otherwise (Table 3) . Across the three-month period prior to the deployment of badges, participants used NHS services for ailments common in winter on a total of 84 times (44 hospital visits, two A & E attendances, and 38 GP appointments): almost four per participant (Table 4) . Participants were significantly more likely to have used a GP across the period (p = 0.016) and having not used an Accident and Emergency Department (A & E, p < 0.001).
For winter illnesses, those requiring GP or A & E treatment in the three months leading up to the trial of the thermometers experienced colder houses during the trial period (Table 4) . Moreover, they experienced more time exposed to temperatures of less than 18 • C or less than 15 • C than those who didn't require such services. These low temperatures have also been recorded in other studies investigating the impact of indoor environments. Previous studies recorded indoor temperatures ranging from 12.5 to 28.3 • C [13, 35] . Nine participants attributed an improved quality of life to the CEP fuel poverty intervention, with 13 people describing it as helping them with their everyday living; five of them stated that it made a big difference. The nine participants expressing an improvement in quality of life recorded temperatures slightly cooler than those who had stated the intervention had not led to such improvements. Furthermore, these nine participants had experienced temperatures of 15 • C or less for 16.3% of the time during the trial, which was up almost 7% on those who had expressed no change in quality of life as a result of the intervention.
Follow-Up Questionnaires
During the follow-up interviews, 16 participants stated that they were more aware of the temperature in the house (p = 0.016, Table 5 ). Of these, the time they were exposed to 15 • or less was 14.1% versus 24.7% for those whose felt they were not more aware. Eleven respondents felt less vulnerable across the same period, all of whom were more aware of the temperature inside their homes. Four felt at least as vulnerable, all of whom were more aware of the temperatures. There were five participants who did not know if they were more aware of the temperatures and did not know if they felt more vulnerable. Eight participants felt not as cold. For those feeling less vulnerable, they were exposed to 15 • C or less 11.4% of the time, and to 18 • C or less 49.4% of the time; both of these values were lower than for those who felt at least as vulnerable (Table 5 ). Despite stating they felt colder this winter, nine participants were exposed to 15 • C or less for 13.1% of the time, versus 17.2% of the time for the eight who felt not as cold.
Of the 21 respondents who responded to the question whether they had felt better than the previous winter, five stated that they did, whilst nine said that they felt no better. Although there was no real recorded difference in the average temperature between these three categories, there were marginal differences in the time that the participants in these categories were exposed to temperatures of 15 • C or less or 18 • C or less (Table 5 ).
Advice from Pharmacist
Advice from the pharmacist or casual medicines were sought most often by participants with issues relating to breathing, coughing, colds, and sore throats or with issues regarding heart and circulation (Table 6 ). Visits to the chemist by participants in each of these two categories numbered slightly larger than that required for pain management and musculoskeletal pain. Those seeking relief via casual medicines or a pharmacist for respiratory and rhinitis-type symptoms or for influenza maintained their household temperatures above 15 • C for a greater proportion of time than those who did not. For those with skin irritations and diarrhoea and vomiting seeking similar help, the temperature logged drops below 15 • C for less time than for those not seeking such advice or medication. However, among those who sought advice from a pharmacist for issues regarding diabetes or feeling down and isolated, the time exposed to 15 • C or less was markedly higher than those who did not (Table 6) .
Participants who sought advice from a pharmacist or used casual medicines less than usual during the trial experienced a household temperature below 15 • C for less time than those requiring such services at least as often. The largest difference in time exposure to 18 • C or less occurred for those using casual medicine less frequently than usual (36.5% versus 61.4% among those requiring casual medicines at least as often).
Access to NHS Services
For most of the participants, supply of the temperature loggers made no difference to their required access to NHS services (all p < 0.058, Table 7 ). For the few participants requiring less interaction with a GP or a practice nurse, requiring fewer home visits, or ending up as a hospital inpatient on fewer occasions, the time exposed to below 15 • C and 18 • C was larger. Of the nine participants declaring that they had not visited the GP less as a result of the device, only two had recorded a GP visit at all, and all but one had either a respiratory or a cardiovascular illness.
Six of the 11 respondents declaring no fewer outpatient appointments, as a result of the device, had such an appointment with five of the 11 having respiratory issues and four having some cardiovascular condition. Two participants were admitted as an inpatient through the trial period; one with longstanding cardiovascular problems and the other with respiratory and mental health issues.
Despite a prior overall degradation in participants' health in the three months leading up to the trial (Table 1) , approximately 20% of participants noted a reduction in their use of pharmacist and NHS services during the trial of the thermometers. This claim is reinforced by the 14 participants stating the temperature logger had helped them over the three-month (p = 0.001) period, with a further six respondents being unsure whether the logger had helped or not.
One participant said it had not helped, claiming that the logger was "inconvenient" and the warning light "annoying". However, the lone respondent did confess that the badge did raise awareness of the temperature inside the home.
Discussion
This exploratory pilot study contributes to the established links between indoor air temperature in homes and health. This is important, because participants with LSIs have potentially poorer outlooks in terms of physical and mental health, which is partly due to sub-optimal living conditions [36, 37] . This includes the impact of living in cold homes and associated impact on healthcare services. There was insufficient evidence to show that there were signs that participants felt less cold or less poorly as a result of the trial. However, the study suggested that the wearable temperature loggers improved residents' awareness (p = 0.016) of ambient temperatures and had helped the participants (p = 0.001) whilst resulting in a slight reduction in the use of pharmacists and local healthcare services. However, this highlights the need for people with one or more LSIs to maintain higher indoor temperatures for well-being. Given the vulnerability of this population, this must be aligned with improvements to the energy efficiency (e.g., draft proofing, insulation, and heating system upgrades) of their home. While these improvements can lead to a small but positive improvement in health [7] , these interventions can have a greater health benefit when targeted at those with a chronic illness [38] .
A snapshot of participants' well-being was also taken prior to the supply of thermometers. In general, well-being had deteriorated across each measured component part (all p < 0.05). This picture of deteriorating health was added to participants being more likely to visit a GP than not (p = 0.016). However, they were much more likely not to use A & E than require such emergency treatment (p < 0.001). This might suggest a cohort routinely seeking help from a doctor to manage their conditions without spilling over into needing emergency treatment.
Residents' physical performance has been found to be the greatest among those living in homes with a high indoor air temperature [39] . This does not contradict our finding that in households showing a higher proportion of time at which temperatures dip below 15 • C, patients visited the GP surgery more for respiratory, cardiovascular, circulatory, mental health conditions, or cold/flu during the three months prior to the trial. This could be due to homes not having adequate insulation, draught proofing, and heating (i.e., energy efficiency measures). Additionally, this could also stem from participants having a lower awareness of air temperatures within the home. Periods during which internal temperatures dropped below 15 • C were longer for participants less aware of household temperature during the trial. Moreover, participants who managed to maintain temperatures above 18 • C for longer felt less vulnerable, potentially adding to positive mood and benefitting physical health. This finding is consistent with prior recommendations [40] . Suggestions of a need to use heat to create a positive mood align with our findings that the highest recorded temperatures were among participants with severe mental health (20.4 • C, Table 2 ), perhaps highlighting an association between stress, depression, and the need to keep a house warm.
While the recommended levels of indoor air temperatures for thermal comfort is questionable and based on occupant perceptions, for example, many participant homes fell outside of the safe temperature range [22] . These homes would significantly benefit from household energy efficiency measures to make homes more affordable to heat and improve the indoor thermal comfort. However, these interventions must consider resident behaviours and the provision of both adequate heating and ventilation [8] . These lower temperatures are likely to explain why households declared their health as becoming worse over the study period. It is possible that these households were exposed temporarily to cold homes during the winter months. However, living in poorly heated homes is known to increase the risk of cold related morbidity and mortality [2] . It was not possible to assess the long-term trends in temperature because of the cross-sectional nature of this study. However, these cold and/or poorly insulated homes have been found to suffer from dampness-related contaminants (e.g., mould growth) during the summer months [35] .
People suffering from conditions exacerbated by winter maintained the temperature of their homes at a slightly higher temperature than those without those conditions. Higher household temperature was also associated with people who had noticed deteriorations in aspects of well-being and LSIs associated with winter over the same three-month period. Such awareness could have been influenced through long-term participation with prior fuel poverty schemes. However, participants revealed a reassurance felt in using the devices, which could lead to longer term feedback in terms of well-being and health.
In an attempt to improve the well-being of the elderly in the UK, the government issued a Winter Fuel Payment (WFP). Despite its intentions, receipt of the WFP was found not to increase indoor temperature or result in better health outcomes [41] . Deploying wearable technology to WFP recipients might lead to their spending it more readily on fuel, ultimately improving their well-being by reducing exposure to excess cold. This approach has the potential to help improve the effectiveness of fuel poverty interventions and avoid potential unintended consequences [9] , as well as inform future policies to make fuel poverty and healthcare funding mechanisms more sustainable.
In this pilot study, we tested the feasibility of using temperature loggers to raise the awareness of being exposed to excessively cold homes. In its current format, this approach provides a useful and cost-effective tool to highlight when indoor temperatures reach a low temperature that can be detrimental to health. However, a more complex and larger study is needed to assess the long-term viability and effectiveness of this public health intervention. Mixed methods approaches should be used in the future to determine typical barriers (e.g., battery life, maintenance) and facilitators (e.g., cost and delivery mechanism in raising awareness) of this approach. This is important to consider because this provides a unique opportunity to influence resident behaviours (by raising awareness) and avoid potential unintended consequences of some prior fuel poverty interventions [9] , which can result from a lack of adequate heating and ventilation. If a larger trial proves to be successful, then these must be considered alongside the extensive investment into supporting fuel poor homes with energy efficiency improvements.
This study has a number of limitations. The cross-sectional study design prevented us from assessing the variability of indoor temperatures and impacts on health over a longer period of time. This also prevented us from assessing whether living in cold homes exacerbated or caused ill health and the other health outcomes that were assessed. Furthermore, the small sample size and recruiting participants from a fuel poverty social enterprise may introduce additional bias into the study. Moreover, apart from the temperatures recorded, the information gathered from this study was self-declared by participants without validation from records of service use. We also failed to record whether loggers were worn or used as free-standing devices, which should be addressed in future programs. For this reason, a larger, longer-term study with more objective measures of environmental exposures and health outcomes is needed to increase confidence in the benefits resulting from wearable temperature loggers by patients with an LSI. As indicated above, this should be considered alongside physical built environment interventions that make homes more affordable to heat. This will enable lower-income patients to adequately heat their home and maximise the potential benefits of raising awareness of indoor air temperatures. It may also be necessary to consider other behavioural measures to overcome any potential unintended consequences after undertaking measures such as sealing homes to prevent heat loss. These are necessary to ensure that both ventilation rates and heating patterns maintain good indoor air quality [8, 10, 13] .
Future interventions also need to account for the complexity of interactions between many overlapping built environment and behavioural factors [2] . These include property characteristics (e.g., type, age, energy efficiency, and maintenance levels), household income, situational factors, attitudes, values, and barriers. For example, these interact with the ability of residents to heat the home or access help and/or change heating behaviours [42] . This is important to consider, because the most fuel-poor households may reside in unsafe indoor environments (i.e., cold and damp) despite their risk perception of the potential health risks, use of ventilation, and/or potentially the energy efficiency of the property [43] . Mixed methods approaches may help reveal some of the complexities relating to the built environment, resident behaviours, and health. For example, this could include a qualitative component to assess residents' barriers and facilitators for different interventions such as the provision of advice. Understanding the interaction between these higher inter-related factors provides an opportunity to intervene and alleviate the health risks associated with cold homes.
Despite the limitations of this study, it demonstrates the potential role for telemetry in the management of LSIs (e.g., reduced dependence on medicines) among the most vulnerable people in society. The improved management of LSIs could lead to the co-benefits of improving the self-management of health conditions and lowering the burden on healthcare systems. This can also contribute to reducing the carbon footprint of the healthcare system. For example, pharmaceuticals makes up 3.5MT CO 2 (eq.) of the 22.8MT CO 2 (eq.) emissions generated by England's NHS, [44] with approximately 1.1 billion items prescribed annually (July 2014-June 2015) [45] , and 153 million "over the counter" casual medicines sold during 2016 [46] .
The need for further investigations into the effectiveness of this intervention is supported by the significant financial resources and carbon footprint needed to manage many chronic diseases [47] . Furthermore, admissions into hospital are more common when patients and their primary carers are unable to manage exacerbations of chronic diseases.
It is also possible to extend the scope of the wearable temperature logger used in this study to help identify risk factors that could lead to the exacerbation of many LSIs if they go unchecked, thus maximising the potential of other public health prevention activities. Utilising this approach alongside other public health interventions could increase the cost effectiveness of measures to reduce the impact of cold homes [48] ; thus further reducing the health inequalities experienced by these vulnerable populations.
Conclusions
Healthy homes are a pivotal component for the management of an LSI. This study highlights that people with worsening LSIs live in homes that are maintained at higher temperatures than those with less severe illnesses. Maintaining these homes at healthy temperatures which are also well ventilated often requires capital investment and upkeep for policy measures to be sustainable. This highlights the need for more holistic 'whole system' approaches that consider the resident behaviours, awareness, and the built environment together.
The combination of these approaches could help deliver more sustainable public health interventions and provide a cost-effective approach to reducing health inequalities. These could also enable the early discharge of patients from hospital back into their home, delivering co-benefits in reducing the burden on healthcare services and the carbon footprint of healthcare systems. A larger study is needed to fully understand the impact of this intervention and explore the potential for combining with other approaches such as indoor pollutant sensors to reduce the exacerbation of LSIs. 
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